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MASSACHUSETTS 


ABSTRACT 


Measurements  of  the  spectral  content  of  L-  and  X-band  radar 
reflections  from  several  resolution  cells  containing  wind-blown 
trees  are  examined  under  a  wide  variety  of  typical  wind 
conditions.  Most  of  the  discernible  energy  (i.e.,  within  60  dB 
of  the  peak  zero-Doppler  level)  occurs  in  the  spectra  at  Doppler 
velocities  usually  less  than  1.0  m/s,  or  at  most  2.0  m/s  on  very 
windy  days.  The  rates  of  decay  of  energy  with  increasing  Doppler 
velocity  in  the  tails  of  the  spectral  distributions  at  spectral 
off-sets  well  removed  from  zero  often  appear  to  be  approximately 
exponential.  Estimates  of  rates  of  exponential  decay  in  the 
spectral  tails  as  a  function  of  windspeed  are  provided  in  three 
regimes  of  windspeed. 
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1. 


INTRODUCTION 


During  the  period  of  time  from  late  1984  to  mid-1985,  radar 
ground  reflections  from  hilly  tree-covered  terrain  were  measured 
on  a  nominal  once-a-week  basis  from  Katahdin  Hill  in  eastern 
Massachusetti .  These  reflections  were  measured  as  relatively 
long  (e.g.,  5  min)  pulse  sequences  on  specific  resolution  cells. 

The  purpose  of  this  measurement  program  was  to  establish  a  multi- 

frequency  data  base  from  which  temporal  and  seasonal  variations 

of  ground  clutter  could  be  examined,  I 

in  this  report,  we  examine  the  spectral  content  of  reflec¬ 
tions  from  wind-blown  tree  foliage  in  selected  cells  from  this 
data  base,  over  a  wide  variety  of  wind  conditions.  That  is, 
wind-induced  motion  of  the  trees  causes  Doppler-shifted  energy  in 
the  power  spectra  of  the  received  temporal  signals.  we 
illustrate  here  the  sorts  of  spectra  that  result  from  typical 
wind  conditions  as  they  routinely  vary  with  weather  and  season. 

We  are  interested  in  how  wide  these  spectra  usually  become  at  the 
limits  at  which  we  can  easily  discern  energy  in  their  tails,  and 
the  approximate  rates  of  decay  of  energy  with  increasing  Doppler 
velocity  in  these  tails  well  removed  from  zero-Doppler  velocity. 

Most  of  the  spectral  data  presented  are  at  L-band,  although  a  few 
examples  of  X-band  spectra  are  also  presented.  Two  of  the  X-band 
examples  are  from  sites  other  than  Katahdin  Hill.  Some  brief 
multifrequency  information  on  temporal  autocorrelation  properties 
of  radar  returns  from  wind-blown  trees  is  included  to  complement 
the  spectral  data. 
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2. 


CLUTTER  MEASUREMENTS  AT  KATAHDIN  HILL 


t'or  the  purpose  o''  ootaininy  a  set  of  temporal  ground 
clutter  measurements,  our  mobile  five-frequency  ground  clutter 
measurement  radar  was  set  up  on  Katahdin  Hill  at  Lincoln 
Laboratory.  Lincoln  Laboratory  is  located  on  Hanscom  Air  Force 
Base  in  Lexington,  Massachusetts.  We  refer  to  this  radar  as 
Phase  one,  to  distinguish  it  from  an  earlier,  x-band  only, 
clutter  measurement  radar  which  we  call  Phase  zero.  The  Phase 
One  radar  is  a  modern,  computer  controlled,  pulsed  instrumenta¬ 
tion  radar  with  high  data  rate  recording  capability  (i.e.,  linear 
receiver  with  13  bit  A/D  converters  in  I  and  Q  channels),  and 
maintains  coherence  and  stability  sufficient  for  60  dH  two- 
pulse-canceler  clutter  attenuation  in  post-processing.  The  Phase 
One  antenna  oeams  are  fixed  at  zero  degrees  in  elevation,  and  are 
steerable  in  azimuth.  The  Phase  One  waveform  is  uncoded.  A 
photograph  of  the  Phase  One  equipment  set  up  on  Katahdin  Hill  is 
shown  in  Figure  1.  Important  Phase  One  measurement  parameters 
are  shown  in  Table  1. 

In  these  temporal  measurements,  long  time  dwells  of 
bdckscatter  data  were  recorded  from  a  number  of  contiguous  range 
gates  in  a  fixed  azimuth  beam  position  looking  out  to  the 
southwest  (i.e.,  233°)  from  Katahdin  Hill  across  hilly  wooded 
terrain  in  the  suburban  town  of  Lincoln.  Lincoln  is  located  12 
miles  nortliwest  ot  Boston.  Tne  Phase  one  L-bana  antenna  mast 
height  on  Katahdin  Hill  was  94'3".  We  refer  to  each  long  time 
dwell  ot  contiguous  pulses  as  a  data  collection  experiment. 
Experiments  were  usually  collected  one  day  per  week  from  March 
through  June,  1983,  and  at  less  frequent  intervals  before  (i.e., 
late  November/early  December,  1984)  and  after  (i.e.,  early  August 
1985)  this  time.  In  much  of  the  L-band  data  discussed  in  this 
report,  experiments  consisted  of  30,720  contiguous  pulses 
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PHASE  ONE  SYSTEM  PARAMETERS* 


EREOUENCY 

BAND 

VHE 

MHz 

169 

POLARIZATION 

RESOLUTION 

RANGE 

AZIMUTH 

13“ 

ELEVATION  bEAMHI UTH  39“ 

PEAK  POWER 

10  km  SENSITIVITY 

A/U  SAMPLING  RATE 

A/D  NUMBER  OE  BITS 

DATA  RECORDING  RATE 

OUTPUT  DATA 

RCS  ACCURACY 

MINIMUM  RANGE 

DYNAMIC  RANGE 

INSTANTANEOUS 
ATTENUATOR  CONTROLLED 

DATA  COLLECTION  MODES 

AZIMUTH  SCAN  RATE 
TOWER  HEIGHT 


UHt 

D-BAND 

S-BAND 

X-BANU 

435 

12  30 

3  230 

9100 

VV 

OK  HH 

15, 

36,  150m 

5* 

3“ 

1“ 

1“ 

15“ 

10“ 

4“ 

3“ 

10  kW  (50  KW  AT  X-BAND) 
o^E  '*  »  -60  Ob 
1 ,  2 ,  5 ,  OR  10  mH  z 
13 

625K  BYTES/SEC 

1  and  0 

2  OU  rmii 
1  km 

60  db 
40  dH 

BEAM  SCAN 
PARKED  UEAM 
BEAM  STEP 

0  TO  3  DEG/SEC 

95' 


•The  Bpecilic  treyuencies  and  tower  height  employed  at  Katahdin 
Hill  are  listed  here;  the  other  measurement  parameters  were  used 
at  ail  Bites. 


collected  over  a  5  minute  interval  at  a  10  ms  pulse  repetition 
interval.  occasionally,  the  data  were  collected  faster  (see 
Table  2,  p.  24) .  On  each  data  collection  day,  the  recording 
ceuuence  involved  collecting  long  time  dwell  experiments  both 
from  forested  clutter  cells  at  235“  azimuth,  as  well  as  from  a 
ceil  at  68.5“  azimuth  containing  a  large  water  tower  as  a  system 
reference  target,  across  our  five  Phase  One  frequency  bands.  The 
period  of  time  over  which  we  conducted  these  experiments  spanned 
winter,  spring,  and  summer  seasons.  IJuriny  this  period  in 
eastern  Massachusetts,  deciduous  trees  begin  to  show  the 
emergence  of  new  leaves  in  early  May,  and  are  essentially  fully 
leaved  out  by  the  end  of  May. 

Phase  One  L-band  range  resolution  may  be  selected  to  be 
either  150  m  (i.e.,  1.0  us )  or  15  m  (i.e.,  0.1  \b)  ,  In  each 

experiment  with  range  resolution  set  to  150  m,  we  recorded  data 
from  16  contiguous  range  gates  located  from  1.5  km  to  3.9  km  in 
range  from  Phase  one.  In  eacn  experiment  with  range  resolution 
set  to  15  m,  we  recorded  data  from  76  contiguous  range  gates 
located  from  2.0  km  to  3.1  xra.  t'or  ttie  results  presented  in  this 
report,  we  emphasize  15  m  data  taken  from  tlie  range  gate  betv.’een 
2756  m  and  2771  m,  and  150  m  data  taken  from  the  range  gate 
between  2786  and  2936  m.  Both  of  these  range  gates  lie  on  the 
south  side  of  Jupiter  Ridge,  where  the  terrain  abruptly  drops  100 
feet  in  elevation  over  a  distance  of  about  500  feet  (i.e., 
approximately  11“  terrain  slope).  This  south  face  of  the  ridge 
is  directly  visible  from  Phase  One  at  oblique  incidence.  Thus 
Jupiter  Ridge  produced  strong  ground  clutter  for  phase  One,  at 
L-band  a°  levels  of  between  -17  and  -23  dB,  where  o°  represents 
radar  cross  section  per  unit  area  in  the  resolution  cell. 

Jupiter  Ridge  is  tree  covered,  pi.imarily  with  mixed  deciduous 
trees  (e.g.,  oaK,  maple,  beech,  bircli,  locust),  but  with 
occasional  pine  and  cedar  as  v;eli,  all  to  an  approximate  height 


of  60  or  70  feet.  Jupiter  Ridye  is  settled  with  occasional 
suburban  houses  located  within  the  trees  and  back  from  the  front 
of  the  ridge.  However,  at  the  low  depression  angle  of  about 
0.65°  at  which  the  ridge  was  viewed  from  the  Phase  One  antenna, 
it  was  essentially  solid  tree  foliage  that  was  under  direct 
illumination  along  the  relatively  steeply  dropping  front  face  of 
the  ridge.  Three  photographs  of  the  terrain  along  Jupiter  Ridge 
are  shown  in  Figure  2.  For  the  computations  of  clutter  spectra 
presented  in  this  report,  we  carefully  selected  cells  from  along 
the  ridge  with  strong  signal-to-noise  ratio,  and  in  which  the 
measured  temporally  varying  clutter  amplitude  statistics  were 
close  to  Rayleigh  distributed,  to  ensure  that  only  tree  foliage 
was  under  illumination  and  that  there  were  no  strong  stationary 
discrete  scatterers  in  the  cells  as  would  be  indicated  by 
strongly  Ricean  amplitude  statistics. 

vOur  focus  of  interest  is  in  the  sorts  of  general  spectral 
variation  that  can  occur  under  wind  conditions  broadly  character- 
izable  as  strong  (i.e.,  "windy"),  moderate  (i.e.,  "breezy"),  or 
light  (i.e.,  "light  air").  We  took  our  measure  of  wind  condi¬ 
tions  trom  the  weather  information  continuously  being  broadcast 
from  Hanscom  airfield,  1-1/2  miles  from  our  principal  clutter 
cells.  We  believe  this  information  to  be  a  reasonable  indication 
(•)f  general  tree-space  wind  conditions  in  the  neighborhood  in 
which  we  conducted  our  measurements.  For  every  experiment,  we 
recorded  mean  windspeed  and  wind  direction  as  they  were  being 
broadcast  at  that  time,  as  well  as  gust  velocity  v/hen  conditions 
were  gusty.  When  possible,  we  attempted  to  select  a  relatively 
windy  day  during  the  week  as  our  clutter  measurement  day. 

Figure  3  shows  a  1:40,000  scale  aerial  photograph  of  the 
terrain  surroundings  in  which  we  conducted  our  Katahdin  Hill 
measurements.  The  Phase  une  position  on  Katahdin  Hill,  Jupiter 
Ridge,  and  Hanscom  airfield  are  all  indicated  in  this  air  photo, 
as  are  Route  128,  Route  2,  and  Lincoln  Laboratory. 
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a)  Looking  southwest  up  the  side  of  Jupiter  Ridge  from  across 
a  plowed  field 


FIG.  2.  PHOTOGRAPHS  OF  JUPITFK  RIDGE  TERRAIN. 

Continued. .  . 
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FIG.  3. 


AERIAL  PHOTOGRAPH  OF  KATAHDIN  HILL  MEASUREMENT  AREA. 
Scale  =  1:  40,000.  The  numbered  circles  are;  (T)  Phase 
One  position  on  Katahdin  Hill;  235®  azimuth  from 

Phase  One;  Jupiter  Ridge;  (7)  Hanscom  F^eld; 

Lincoln  L.aboratory;  Route  128;  and  Route  2. 
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3.  CLUTIER  SPECTRA 


Prior  to  the  Katahdin  Hill  measurement  program,  which 
provided  the  L-band  spectral  intormation  which  is  the  main 
jubject  of  interest  in  this  present  report,  the  Phase  one 
equipment  was  involved  in  making  measurements  at  many  sites, 
primarily  in  western  Canada.  Early  spectral  investigations  of 
these  data  were  conducted  at  X-band.  In  Section  3.1,  we  present 
some  of  these  early  spectral  X-band  data  from  two  different 
Canadian  sites,  Noepawa,  Manitoba,  and  ^^oking,  Alberta,  as  well 
as  more  receit  X-band  spectral  data  from  Katahdin  Hill.  This 
allows  us  tci  bring  into  consideration  from  the  outset  and  show 
how  our  thinking  evolved  as  we  observed  in  these  early  results 
the  effect  of  windspeed  on  spectral  width  and  approximate 
exponential  decay  of  spectral  tails.  It  also  allows  us  to 
broaden  our  Katahdin  Hill  L-band  data  to  another  frequency  and 
other  sites.  The  results  suggest  that  there  is  no  strong 
frequency  dependency  in  power  spectra  from  wind-blown  foliage 
between  L-band  and  x-band  (beyond  the  basic  Doppler  dependency 
which  is  linear  with  frequency),  and  that  the  Katahdin  Hill  data 
are  not  particularly  specific  to  site  or  tree  type  in  Sections 
3.2  and  3.3  we  go  on  and  discuss  our  much  more  comprehensive 
L-band  spectral  data  base  fro.n  Katahdin  Hill, 

3.1  Preliminary  X-Band  Results 

In  our  earliest  computations  ot  clutter  spectra  from  wind¬ 
blown  trees,  it  was  apparent  that  windspeed  was  of  dominant 
influence  on  spectral  width,  and  that  frequently  the  rate  of 
decay  of  tlie  spectrum  with  increasing  Doppler  velocity  in  the 
tail  of  the  spectrum  was  approxiraatly  exponential.  figure  4 
shows  two  examples  of  early  spectral  results  obtained  from  Phase 
One  X-band  measurements  at  two  sites  in  western  Canada.  Both  of 
these  measurements  were  conducted  from  cells  containing  deciduous 
aspen  trees  in  winter  season  when  the  trees  were  bare  of  leaves. 
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.WINDSP££D  =  15  KNOTS  NEEPAWA 
SITE.  PATCH  OP  ASPEN  ON  CROPLAND 
ON  THE  SIDE  Of  A  RISING 
ESCARPMENT.  DEPRESSION  ANGLE 
^-13'.  LATE  WINTER/ EARLY 
SPRING  (16  MARCH  1982,  3  4$  p  m  ). 
RANGE  =  6  54$  km.  AZIMUTH  =  297 

X-BAND 


WINDSPEED  =  3  KNOTS 
WOKING  SITE.  DENSE 
ASPEN  PORE  ST.  DEPRESSION 
ANGLE  =■  0  23  .  LATE  PALL' 
EARLY  WINTER  19  Nov  1983. 
9  48  ami  RANGE  -63  km. 
AZIMUTH  ^127 

X-8ANO 
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POWER  SPECTRA  OF  X-BAND  RADAR  RETURNS  FROM  WIND-BLOWN 
TREES,  MEASURED  AT  TWO  CANADIAN  SITES. 

Range  res.  —  150  ni,  pol.  =  vertical,  7680  samples, 
pri  =  8  ms,  record  duracion  =  1.024  min,  512  point  FFT, 
Blacl4man-Karr is  window. 
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otherwise  these  two  sites  were  quite  different  and  far  removed 

from  one  another,  Wokinq  being  a  densely  forested  site  in 

northern  Alberta,  whereas  Neepawa  was  a  farmland  site  in  southern 

Manitoba.  These  early  spectral  data  from  Canadian  sites  were 

obtained  by  first  computing  the  autocorrelation  function  over  the 

full  1.024  min  duration  of  the  temporal  record  (i.e.,  7680  pulses 

with  pulse  repetition  interval  =  8  ms),  and  subsequently 

computing  the  power  spectrum  as  the  Fourier  transform  of  the 

autocorrelation  function.  ^  In  Figure  4,  what  we  mean  by 

approximate  exponential  spectral  decay  is  illustrated  by  the 

straight-line  approximation  drawn  through  the  Neepawa  data. 

Exponential  decay  of  clutter  spectra  from  wind-blown  trees  has 

2 

been  observed  previously.  In  the  Woking  data  of  Figure  4,  of 
considerably  lower  windspeed  than  the  Neepawa  data,  the  spectrum 
is  considerably  narrower  and  an  exponential  approximation  is 
somewhat  less  valid. 

Figure  5  shows  two  examples  of  X-band  spectral  results  from 
a  forested  cell  at  Katahdin  Hill  measured  on  two  different  days, 
17  April  1905  and  25  April  1985.  The  cell  measured,  at  2582  m  to 
2597  m  range  and  at  235®  azimuth,  lies  on  the  south  side  of 
Jupiter  Ridge,  but  at  slightly  closer  range  than  the  cells  for 
which  we  show  L-band  data  in  Section  3.2.  On  17  April  the  winds 
were  quite  strong;  at  the  time  of  this  X-band  experiment, 
windspeed  was  recorded  to  be  10  knots  gusting  to  20  knots.  In 
contrast,  25  April  was  a  very  still  day  and  the  winds  were 
recorded  as  "calm"  at  the  time  of  our  experiment. 

The  spectra  of  Figure  5  are  computed  directly  as  Fast 

Fourier  Transforms  (FFT's)  of  the  temporal  pulse-by-pulse  return 

2 

Including  the  dc  component  calibrated  in  RCS  units  of  m  .  The 

2 

spectral  content  is  displayed  in  decibels  with  respect  to  1  m 
(i.e.,  in  dBsm) .  The  method  used  in  generating  these  spectra  is 

.  3 

the  method  of  modified  per iodograms ,  where  the  temporal  record 


’  3 


POWER  SPECTRA  OF  X-BAND  RADAR  RETURNS  FROM  WIND-BLOWN 
TREES,  MEASURED  FROM  KATAHDIN  HILL,  MASS.,  ON  A  WINDY 
DAY  AND  ON  A  CALM  DAY.  30,720  samples,  pri  =  2  ms , 
record  duration  =  1.024  min,  1024  point  FFT, 
BlacRman-Harr is  window. 
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of  30,720  pulses  is  divided  into  contiguous  groups  of  1024 
samples,  a  1024  point  complex  FFT  is  generated  for  each  group, 
and  the  amplitudes  of  the  resultant  set  of  FFT' s  are 
arithmetically  averaged  together  in  each  Doppler  cell  to  provide 
the  spectrum  illustrated.  Thus,  in  Figure  5,  each  spectrum  shown 
is  the  result  of  averaging  30  individual  spectra  from  an  overall 
RCS  record  of  1.024  min  duration  and  2  ms  pulse  repetition 
interval  (pri).  In  the  generation  of  each  spectrum,  a  4-sample 
RIackman-Harris  window  or  weighting  function  is  utilized,  with 
highest  sidelobe  level  at  -74  dB  and  with  -6  dB  per  octave 
falloff.**  All  of  the  L-band  spectral  results  in  Section  3.2  are 
computed  similarly.  Appendix  A  illustrates  this  process  of 
computation  of  spectra  much  more  thoroughly. 

The  results  in  Figure  5  illustrate  the  differences  in 
spectral  content  of  the  X-band  reflections  from  this  cell  between 
when  the  tree  branches  are  relatively  motionless  and  when  they 
are  undergoing  relatively  strong,  wind- induced,  random  motion. 

It  is  graphically  apparent  in  these  results  how  much  of  the  dc  or 
zero-Doppler  return  on  the  calm  day  is  converted  to  ac  return 
distributed  over  Doppler  velocities  up  to  2  m/s  on  the  windy 
day.  The  windy  day  spectrum  shown  in  Figure  5  is  one  of  the 
widest  spectra  we  have  so  far  found  in  our  clutter  data  base.  As 
in  the  Neepawa  data  of  Figure  4,  again  we  observe  in  this  windy 
day  Katahdin  Hill  data  that  the  rate  of  decay  of  spectral  energy 
with  increasing  Doppler  velocity  in  the  tail  of  the  spectrum  is 
approximately  exponential  as  indicated  by  the  straight  line  drawn 
through  the  left  side  of  the  spectrum.  The  exponential 
approximation  is  slightly  less  valid  on  the  right  side  of  this 
spectrum.  The  Phase  One  system  noise  levels  are  evident  ir.  both 
the  calm  and  windy  day  results  of  Figure  b  at  a  level  of  about 
-64  dBsm.  It  is  evident  that  on  the  windy  day  there  is 
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essentially  no  observable  energy  above  this  noise  floor  for 
Doppler  velocities  greater  than  about  2  m/s.  A  physical  velocity 
of  2  m/s  would  seem  reasonable  to  attribute  as  a  near-maximum 
velocity  to  expect  for  components  of  tree  branches  that  might  be 
acting  as  scattering  centers  causing  direct  phase  modulation  at 
our  x-band  RF  wavelength  -^f  1.3  inches  under  windy  conditions. 
However,  we  made  no  measurements  of  tree  motion. 

The  calm  day  spectrum  in  Figure  5  is  one  of  the  narrowest 
spectra  we  have  so  far  found  in  our  clutter  data  base.  In 
contrast  to  the  windy  day  spectrum  of  Figure  5,  which  is  somewhat 
wider  but  at  least  comparable  to  the  Neepawa  data  of  Figure  4, 
the  calm  day  spectrum  of  Figure  5  is  much  narrower  than  the 
Woking  data  of  Figure  4,  Although  very  narrow,  this  calm  day 
spectrum  is  slightly  wider  than  the  corresponding  X-band  spectrum 
from  our  water  tower  reference  target  measured  on  the  same  day, 
indicating  that  there  is  some  slight  motion  of  the  tree  branches 
even  on  tliis  very  calm  day.  In  this  regard,  we  mention  that 
during  actual  Phase  One  data  collection,  where  we  have  a  live 
instantaneous  A-scope  showing  the  returns  being  recorded,  we  have 
noticed  that  the  display  of  X-band  returns  from  forested  cells, 
although  usually  exhibiting  rapidly  varying  dynamic  scintilla¬ 
tion,  very  infrequently  and  only  under  the  stillest  air 
conditions  does  occasionally  settle  down  and  become  almost 
stationary.  Together,  then,  the  two  spectra  illustrated  in 
Figure  5  may  be  thought  of  as  representing  extreme  or  bounding 
conditions  on  X-band  spectral  extent  from  wind-blown  trees,  at 
least  as  determined  by  the  Phase  one  data  thus  far  examined. 

In  following  discussions,  we  expand  on  these  preliminary 
X-band  observations  from  Figures  4  and  5,  as  follows: 

a)  higher  windspeed  causes  wider  spectra  (even  when  wind- 
speed  is  just  grossly  applicable  to  the  general 
neighborhood  and  not  measured  specifically  in  the  treed 
clutter  cell)  ; 
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b)  approximate  exponential  decay  of  spectral  tails; 

c)  exponential  approximation  better  for  higher  windspeeds 
and  wider  spectra; 

d)  gross  similarity  in  spectra  from  site-to-site  and 
between  X-  and  L-band. 

3.2.  L-Band  Results  from  Katahdin  Hill 

As  was  mentioned  in  Section  2,  tor  system  reference  data  on 
each  clutter  measurement  day,  we  recorded  long  time  dwell 
experiments  on  a  ceil  containing  a  large  cylindrical  municipal 
water  tower.  Figure  6  shows  the  power  spectrum  computed  from  the 
water  tower  L-band  returns  that  were  measured  on  the  relatively 
calm  day  of  15  May.  As  expected,  most  of  the  energy  from  this 
stationary  tower  is  at  zero-Doppler  velocity.  The  slight 
spectral  spreading  just  above  noise  level  in  these  data  is 
attributable  to  ground  clutter  (i.e.,  trees)  in  the  same  cell  at 
the  base  of  the  water  tower.  in  other  L-band  measurements  of 
this  same  water  tower  on  windier  days,  the  spectral  width  55  to 
65  dB  below  the  peak  increases  to  as  much  as  0.15  m/s  to  +  0.4 
m/s,  respectively.  The  theoretical  spectral  response  of 
Blackman-Harr is  weighting  of  a  constant  signal  is  also  shown  in 
Figure  6.  It  is  clear  from  Figure  6  that  we  are  limited  in 
providing  measured  1024-point  FFT  clutter  spectra  by  the  Phase 
One  system  noise  level  rather  than  by  the  theoretical  window 
function  response.  It  is  also  clear,  however,  that  our  Phase  one 
system  maintains  the  theoretical  hJlackma n-Harris  spectral 
resolution  over  more  than  50  dB  of  dynamic  range.  The  data  of 
Figure  6  define  the  instrumentation  and  processing  limitations  in 
the  L-band  spectral  data  presented  subsequently. 

With  our  system  limits  established,  we  now  go  on  and  show 
L-band  clutter  spectra  from  wind-blown  trees.  Similarly  as  we 
did  in  Figure  5  for  X-band  data.  Figure  7  shows  two  examples  of 
L-band  spectra  from  wind-blown  trees  on  a  day  of  light  winds  and 


1  7 


DOPPLER  VELOCITY  (m/i) 


a) 


POWER  SPECTRA  OF  L-BAND  RADAR  RETURNS  FROM  WIND-BLOWN 
TREES,  MEASURED  FROM  KATAHDIN  HILL  ON  A  DAY  OF  a)  LIGHT 
WINDS  =  7kn  AND  ON  A  DAY  OF  b)  STRONG  WINDS  =  17  kn. 
30,720  samples,  pri  =  10  ms,  record  duration  =  5.120 
min,  1024  point  FFT,  Blackman-riarris  window. 
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POWEK  SPECTRA  UF 
TREES,  MEASURED 
WINDS  =  7kn  AND 
30,720  samples, 
min,  1024  point 


L-S/V'iU  kADAK  RETURNS  FRUM  WIND- BLOWN 
FROM  F  TAHDiN  HILL  ON  A  DAY  OF  a)  LIGHT 
UN  A  ''-Y  OF  b)  STRONG  WINDS  =  17  kn. 
pri  =  iO  ms,  record  duration  5,120 
FFT,  Blackman-Harris  window. 


Concluded. 


on  a  day  of  strong  winds.  Note  that  these  two  results  in 
Figure  7  are  from  different  cells,  although  both  lie  along  the 
south  side  of  Jupiter  Ridge  at  235*  azimuth.  Further  note  that 
the  abscissa  scales  differ  by  a  factor  of  two.  in  contrast  to 
the  x-band  calm  day  spectrum  of  Figure  5,  the  L-band  light  wind 
spectral  data  of  Figure  7(a)  do  not  apply  to  absolutely  still  air 
conditions.  Therefore  the  spectral  extent  is  greater  in  the 
light-wind  L-band  spectrum  of  Figure  7  than  in  the  calm  day 
X-band  spectrum  of  Figure  5.  Nevertheless,  as  in  the  X-band  data 
of  Figure  5,  we  continue  to  see  in  the  L-band  data  of  Figure  7 
that  spectral  extent  increases  significantly  with  windspeed. 
Furthermore,  we  continue  to  observe  in  the  L-band  data  of 
Figure  that  tne  rate  of  decay  of  spectral  energy  with 
increasing  Doppler  velocity  is  approximately  exponential.  As 
before  at  X-band  in  Figures  4  and  5,  we  illustrate  what  we  mean 
by  approximately  exponential  by  straight-line  fits  drawn  through 
the  right  .sides  of  the  L-band  spectra  in  Figure  7.  As  in  the 
X-band  data,  the  fif  is  very  good  for  the  strong  winds  data  of 
Figure  7(b)  and  not  as  good  for  the  light  winds  data  of 
Figure  7(a). 

The  spectrum  shown  in  Figure  7(b)  is  the  widest  L-band 
spectrum  that  we  have  found  so  far  in  our  measurement  data  base. 
It  is  interesting  to  observe  that  our  widest  examples  of  very 
windy  day  X-  and  L-band  spectra  in  Figures  5  and  7(b)  are  very 
similar,  even  though  these  measurements  apply  to  different  days 
and  different  cells.  Both  of  them  are  well-approximated  bv  expo¬ 
nential  fail-offs  tnat  decay  at  nearly  equal  rates  with  increas¬ 
ing  Doppler  velocity  until  the  minimum  discernible  energy  above 
the  system  noise  level  in  the  measurement  is  reached,  which  in 
each  case  occurs  at  a  maximum  Doppler  velocity  of  about  1.8  or 
2.0  m/s.  On  the  basis  of  these  widest  windy  day  spectra  shown  in 


Figures  5  and  7(b),  there  does  not  appear  to  be  any  marked 
dependence  with  RF  frequency  on  spectral  shape  or  extent  on  windy 
days.  The  data  in  Figure  7{b)  are  described  in  much  greater 
detail  in  Appendix  A. 

We  now  go  on  from  discussions  of  individual  spectra  to 
consideration  of  many  spectra  grouped  within  broad  categories  of 
windspeed.  Before  we  consider  these  groups  of  spectral  data,  we 
pause  to  clarify  our  focus  of  interest  in  this  regard.  As 
mentioned  previously,  we  did  not  measure  windspeed  in  the  clutter 
cell.  Neither  did  we  make  any  effort  to  record  tree  motion 
(e.q.,  via  movies).  It  is  not  that  we  lack  interest  in  these 
matters,  but  that  the  ground  truth  tail  can  quickly  begin  wagging 
the  radar  measurement  dog.  In  the  end,  our  interest  is  in  how 
spectral  widening  can  influence  radar  system  performance,  not  in 
the  random  motion  of  trees  in  winds.  In  fact,  if  our  interest 
were  directly  in  the  latter,  we  could  think  of  no  more  useful 
device  to  investigate  the  phenomenon  than  Doppler  radar  measure¬ 
ments.  Rather  than  a  deterministic  association  between  directly 
observed  windspeed,  tree  motion,  and  recorded  spectrum,  we  are 
more  interested  in  the  range  of  spectra  that  occur  under  broad 
nominal  assessment  of  general  wind  conditions  at  a  gross  overall 
level  of  information  such  as  might  be  available  for  a  typical 
radar  operatinq  in  the  field.  For  such  a  radar,  continuous 
detailed  information  on  wind  condition  in  every  clutter  cell  can 
never  be  available,  even  if  we  were  to  devise  a  spectral  model 
based  on  such  information.  Thus,  our  Hanscom  airfield  wind  con¬ 
dition  information  serves  our  interests  very  well  in  providing  a 
general  indication  of  free-space  wind  conditions  in  the  neighbor¬ 
hood  of  our  clutter  cells.  This  information  allows  us  to  follov; 
our  line  of  interest  and  see  the  extent  of  variation  that  occurs 
in  clutter  spectra  within  groups  of  similar  wind  conditions,  anc 
the  separation  of  the  spectral  data  between  such  groups. 
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Table  2  lists  parameters  of  23  long  time  dwell  L-band 
experiments  in  which  backscatter  from  Jupiter  Ridge  forested 
clutter  cells  was  measured  at  Katahdin  Hill  during  the  period  of 
time  from  November  1984  to  .’Vugusu  1985.  These  23  experiments  are 
ordered  in  three  groups  by  nominal  wina  condition,  as  a)  light 
air  (5  to  8  kn) ,  b)  breezy  (10  to  11  kn) ,  and  c)  windy  (15  to 
25  kn) .  Our  wind  terminology  is  not  that  of  the  meteorological 
Beaufort  scale.  Thus,  for  us  "light  air"  covers  Beaufort  light- 
to-gentle  breezes,  "breezy"  covers  Beaufort  yentle-to-moderate 
breezes,  and  "windy"  covers  Beaufort  moderate- to-strong  breezes. 

Figure  8  shows  L-band  power  spectra  for  the  23  experiments 
listed  in  Table  2,  ordered  within  the  same  three  groups  by 
nominal  wind  condition  (viz.,  light  air,  breezy,  or  windy)  as  are 
shown  in  Table  2.  In  Figure  8,  the  number  in  the  key  to  the 
upper  right  in  each  part  of  the  figure  is  the  spectrum  number  in 
Table  2.  We  observe  in  Figure  8  that  there  is  reasonably  good 
clustering  within  the  three  groups  of  results  by  windspeed,  and 
reasonably  good  separation  between  the  three  groups.  As  would  be 
expected  when  using  the  Hanscom  broadcast  information  as  a 
general  indication  of  wind  conditions  in  the  Phase  One  neighbor¬ 
hood,  within  the  three  groups  of  spectra  there  are  a  few  examples 
when  the  local  wind  conditions  in  the  clutter  cell  itself  did  not 
appear  to  match  the  wind  conditions  being  broadcast  during  the  5 
minute  interval  when  the  measurement  data  were  being  acquired. 
Thus,  for  example,  under  the  nominal  breezy  conditions  of 
Fig.  8(b),  spectrum  number  2  and,  to  a  lesser  extent,  spectrum 
number  6,  are  narrower  than  the  rest  of  the  spectra  in  the 
group.  And  under  the  nominal  windy  conditions  of  Fig.  8(c), 
spectrum  number  7  is  narrower  and  spectrum  number  4  is  wider  than 
the  rest  of  the  spectra  in  the  group.  Except  for  these  few 
examples,  the  remainder  ot  the  spectra  in  Fig.  8  cluster 
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TABLK  2. 

TMEMTY-THKEE  TEMPOUXL  RECORDS  OF  b-BAND  REPLECTIOMS  PRON  MIND-BLONN  TREES 
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FIG.  8 


a ) 


POWER  SPECTRA  OF  L-BANO  RADAR  RETURNS  FROM  WINU>-BLOWN 
TREES,  MEASURED  FROM  KATAHDIN  HILL  FOR  a)  LIGHT  AIR 
DAYS,  b)  BREEZY  DAYS  AND  c)  WINDY  DAYS.  See  Table  2 


Continued 


DOPPLER  VELOCITY  |m/*) 


b) 


POWER  SPECTRA  OF  L-BAND  RADAR  RETURNS  FROM  WIND-BLOWN 
TREES,  MEASURED  FROM  KATAHDIN  HILL  FOR  a)  LIGHT  AIR 
DAYS,  b)  BREEZY  DAYS  AND  c)  WINDY  DAYS.  See  Table  2 
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FIG.  8  POWER  SPECTRA  OF  L-BAND  RADAR  RETURNS  FROM  WIND-BLOWN 
TREES,  MEASURED  FROM  KATAHDIN  HILL  FOR  a)  LIGHT  AIK 
DAYS,  b)  BREEZY  DAYS  AND  c)  WINDY  DAYS.  See  Table  2, 
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remarkably  tightly  in  three  groups  by  nominal  neighborhood  wind- 
speed.  The  three  groups  ot  results  in  Figure  8  may  be  regarded 
as  being  indicative  of  probability  of  occurrence  of  spectral 
width  of  radar  returns  from  cells  containing  wind-blown  trees  for 
radars  operating  in  forest  ground  clutter,  in  three  broad  regimes 
of  general  windspeed  in  the  neighborhood  of  the  radar. 


In  absolute  terms,  the  spectral  widths  in  all  three  groups 
are  narrow,  with  most  of  the  discernible  energy  occurring  at 
Doppler  velocities  usually  less  than  1.0  m/s  or  at  most  2.0  m/s. 
Such  narrow  spectral  extents  are  commensurate  with  what  might  be 
expected  from  direct  phase  modulation  of  the  radar  returns  by  the 
physical  velocities  of  individual  wind-driven  tree  elements. 

Also,  except  for  the  few  examples  mentioned  above,  there  is 
good  separation  between  the  three  groups  of  results  in  Figure  8. 
For  example,  if  we  consider  tne  -40  dusm  level  in  tne  spectra  and 
neglect  the  few  examples  just  mentioned,  we  observe  that  at  this 
level  the  light  air  spectra  in  Fig.  8(a)  have  Doppler  velocities 
between  0.35  and  0.65  m/s,  tne  breezy  day  spectra  in  F’g.  8(b) 
have  Doppler  velocities  between  0.65  and  1.0  m/s,  and  the  windy 
day  spectra  in  Fig.  8(c)  have  Doppler  velocities  between  0.9  and 
1.2  m/s.  Or,  if  we  consider  the  -20  dbsin  level  in  the  spectra, 
we  observe  that  at  this  level  the  light  air  spectra  have  Doppler 
velocities  between  0.1  and  0.35  m/s,  the  breezy  day  spectra  have 
Doppler  velocities  between  0.35  and  0.45  m/s,  and  the  windy  day 
spectra  have  Doppler  velocities  between  0.4  and  0.6  m/s. 

Except  for  this  correlation  of  spectral  width  with  nominal 
neighborhood  windspeed,  there  appear  to  be  no  strong  trends  with 
other  measurement  parameters  in  the  spectral  results  of 
Figure  8.  That  is,  such  ground  truth  parameters  as  tirae-of-year 
(i.e.,  leaves  on  or  off),  prevailing  wind  direction,  or  whether 
there  was  rain  in  the  neighborhood  during  the  measurement,  all 
have  little  observable  effect  on  spectral  shape.  Similarly, 
whether  the  polarization  ot  the  radar  was  vertical  or  horizontal 
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also  has  little  observable  etfect  in  the  measured  spectra.  The 
range  resolution  of  the  radar  does  affect  the  dc  level  of  the 
measured  spectra,  in  that  the  150  m  pulse  has  larger  zero-Doppler 
RCS  levels  in  the  results  of  Figure  8;  but  beyond  this  expected 
result  (viz.,  larger  cells  have  greater  RCS)  there  is  little 
observable  effect  on  the  spectral  shape  at  non-zero  Doppler 
velocities.  The  shorter  dwell  times  of  experiments  with 
pri  <  10  ms  do  lead  to  less  spectral  resolution,  as  is  theoreti¬ 
cally  required,  which  careful  examination  of  the  results  in 
Figure  8  does  reveal. 

We  now  select  one  representative  spectrum  from  each  of  the 
three  groups  in  Figure  8.  That  is,  from  within  the  central 
region  of  each  group  where  most  of  the  data  clusters  together,  we 
select  the  single  spectrum  which  appears  to  most  closely  exist  at 
the  center  of  the  cluster  over  its  full  spectral  extent.  These 
“most  representative"  spectra  are  spectra  numbers  18,  12,  and  10 
in  Table  2,  for  light  air,  breezy,  and  windy  conditions,  respec¬ 
tively.  These  three  spectra  are  plotted  together  in  Figure  9, 
and  clearly  illustrate  the  effect  of  windspeed  on  spectral 
extent.  Also  plotted  in  Figure  9  are  the  thinnest  L-band 
spectrum  we  nave  found  so  tar  in  our  data  base  (viz.,  spectrum 
number  16,  Table  2),  and  the  widest  L-band  spectrum  we  have  found 
so  tar  in  our  data  base  (viz.,  the  spectrum  of  Fig.  7(b),  for  the 
2411  m  range  cell).  In  terras  of  probability  of  occurrence,  these 
latter  two  results  may  be  thought  of  as  approximations  to 
limiting  situations  for  spectral  extent  of  radar  returns  from 
cells  containing  wind-blown  trees,  whereas  the  former  three 
results  may  be  thought  of  as  representative  of  typical  situations 
in  three  regimes  of  windspeed.  Altogether,  Figure  9  constitutes 
the  beginning  of  a  model,  although  it  shows  data  by  individual 
example  only,  whereas  a  general  model  is  better  it  based  on 
statistical  combination  of  many  similar  measurements.  Note  that 
the  dc  component  has  been  removed  from  the  spectra  shown  in 
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RELATIVE  POWER  (dB) 


fig.  9 


DOPPLER  VELOCITY  (m/s) 


FIVE  POVJER  SPECTRA  OF  L-BAND  RADAR  RETURNS  FROM  WIND¬ 
BLOWN  TREES,  MEASURED  FROM  KATAHDIN  HILL,  SHOWING  THE 
RANGE  OF  VARIATION  OCCURRING  IN  SPECTRAL  WIDTH  WITH 
DIFFERENT  WIND  CONDITIONS.  The  spectra  labelled 
"thinnest",  "light  air",  "breezy",  and  "windy"  are 
spectra  numbers  16,  18,  12  and  10,  respectively,  in 
Table  2.  The  spectrum  labelled  "widest"  is  that  shown 
in  Fig.  7(b).  The  dc  component  is  removed  in  these 


Figure  9  in  order  to  facilitate  the  comparison  of  data  from  the 
different  range  cells. 

3.3  Exponential  Model 

We  have  observed  earlier  in  this  report  that  the  rates  of 
decay  of  spectral  energy  with  increasing  Doppler  velocity  in 
radar  returns  from  wind-blown  trees  are  often  reasonably  well 
approximated  as  exponential  in  the  tails  of  the  spectral  distri¬ 
butions  well  removed  from  the  2ero-Doppier  region.  That  is,  the 
rates  of  decay  in  the  spectral  tails  are  often  fairly  linear  as 
plotted  in  our  standard  logarithmic  power  (y-axis)  versus  linear 
Doppler  velocity  (x-axis)  spectral  plots,  especially  for  the 
wider  spectra  that  occur  at  higher  windspeeds.  However,  in  many 
cases,  especially  for  narrower  spectra  that  occur  at  lower  wind- 
speeds,  if  a  slight  degree  of  curvature  is  allowed  in  approxi¬ 
mating  spectral  decay  in  our  standard  plots,  a  slightly  better 
power-law  fit  can  be  obtained,  in  which  the  energy  decays  slight¬ 
ly  less  rapidly  (never  more  rapidly)  than  exponential.  We 
believe  this  reflects  the  fact  that  nature  does  not  always  obey 
some  simple  analytic  law  in  this  matter.  Rather,  we  would  expect 
that  the  distributions  of  radial  velocities  of  blowing  branches 
acting  to  directly  phase  modulate  radar  returns  to  be  very 
complexly  related  to  wind  conditions  and  tree  species.  in  any 
event,  in  the  cases  where  spectral  decay  is  less  rapid  than  expo¬ 
nential,  the  degree  of  departure  from  exponential  is  usually 
rather  slight  and  different  from  case  to  case.  For  our  purposes, 
it  is  more  useful  to  deal  with  the  approximating  exponential 
representaion  for  the  simplicity,  uniformity,  and  generality  it 
introduces . 

Therefore,  we  now  set  out  to  gain  the  c  vious  general 
modeling  benefit  of  having  observed  frequent  quasi-exponential 
decay  in  the  tails  of  spectra  from  wind-blown  trees.  To  do  so  we 
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proceed  as  follows.  In  the  tail  region  of  the  power  spectrum 
where  the  exponential  approximation  is  valid,  we  represent  the 
spectrum  as 


P(v) 

where 

P 

V 

B 

A 


Ae  ^rl  ,  v_>0.2  m/s , 

power  spectral  density  (w/Hz); 
Doppler  velocity  (m/s); 
exponential  decay  factor; 
arbitrary  constant. 


For  each  of  the  23  experiments  for  which  measurement  parameters 
are  shown  in  Table  2,  the  best  exponential  approximation  to  the 
spectral  tail  is  determined,  and  the  corresponding  decay  factor  6 
is  noted.  Then  these  23  values  of  0  are  separated  into  three 
groups  by  windspeed  as  are  shown  in  Table  2,  and  the  mean  g 
ithin  each  group  determined.  The  resulting  values  of  Band 
corresponding  rates  of  exponential  decay  of  spectral  tails  in 
three  regimes  of  windspeed  are  shown  in  Table  3  and  Figure  10. 

As  is  indicated  in  Figure  10,  these  exponential  decay  factors 
apply  only  in  the  tail  regions  of  spectra  for  Doppler  velocities 
V  ^  0.2  m/s,  well  removed  from  zero-Doppler  velocity.  The 
spectral  modeling  information  of  Figure  10  has  the  advantage  of 
statistical  generality,  obtained  by  averaging  over  a  number  of 
like-classified  measurements. 

Let  us  briefly  review  our  modeling  position  with  respect  to 
the  information  shown  in  Table  3  and  Figure  10.  We  are 
interested  in  Doppler  spectra  of  radar  returns  from  wind-blown 
trees,  and  particularly  the  rates  of  decay  in  the  tails  of  such 
spectra  at  spectral  offsets  well  removed  from  zero.  We  believe 
that  the  information  of  Table  3  and  Figure  10  is  reasonably 
representative  of  our  measurements.  However,  we  do  not  make  a 
strong  case  here  for  the  advancement  of  a  rigorous  exponential 
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TAbLE  3 


EXPONENTIAL  DECAY  b'ACTORSt  IN  THE  TAILStt  OF  L-HAND  SPECTRA 
FROM  WIND-BLOWN  TREES  IN  THREE  REGIMES  OF  WINDSPEED 


Windspeed 

Light  ^ir  (5  to  8  kn) 
Breezy  (10  to  11  kn) 
Windy  (15  to  25  kn) 


Exponent ia 1 
Decay  Factor#  B 

23.5 

17.5 
10.7 


t  P(v) 


where 


P(v)  =  power  spectrum  (w/Hz), 

V  =  Doppler  velocity  (m/s) , 

6  =  exponential  decay  factor 

A  =  arbitrary  constant 


3  3 


ft  V  >  0.2  m/s 


FIG.  10  APPROXIMATE  RATES  OF  EXPONENTIAL  DECAY  IN  THE  TAILS  OF 
L-BAND  SPECTRA  FROM  WIND-BLOWN  TREES,  IN  THREE  REGIMES 
OF  WINDSPEED. 


model  for  spectral  extent  from  wind-blown  trees.  We  certainly  do 
not  propose  that  such  a  model  apply  over  the  full  spectrum 
including  the  zero-Doppler  region,  or  that  even  in  the  tails  of 
spectra  it  has  statistical  validity  in  the  sense  c£  passing 
rigorous  hypothesis  testing.  In  the  face  of  any  particular 
concern  with  fidelity  of  spectral  detail,  we  prefer  to  quickly 
come  away  from  the  approximating  information  of  Table  3  and 
Figure  10,  and  let  the  actual  data  such  as  are  shown  in  Figure  8 
stand  on  their  own,  to  be  modeled  as  any  investigator  so  wishes. 
But  tor  those,  like  us,  who  wish  simple  approximating  information 
on  rates  of  spectral  decay  from  wind-blown  trees  as  a  tanction  ot 
windspeed,  we  believe  the  information  of  Table  3  and  Figure  10 
usefully  represents  what  we  have  often  generally  observed  in  our 
measurements . 
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4 


TEMPORAL  CORRELATION 


In  theoretical  terme,  knowledge  of  the  spectral  character¬ 
istics  of  some  random  process  in  the  frequency  domain  is  equiva¬ 
lent  to  knowledge  of  the  correlation  characteristics  of  the 
process  in  the  time  domain.  That  is,  the  power  spectrum  is 
simply  the  Fourier  transform  of  the  autocorrelation  function. 

Even  in  practical  terms,  it  is  always  broadly  observable  that  the 
wider  the  spectrum,  the  faster  the  process  decorrelates. 

However,  in  analyzing  our  measured  clutter  data,  neither  the 
power  spectrum  nor  the  autocorrelation  function  are  exactly  and 
completely  describable  in  simple  analytic  form  easily  amenable  to 
Fourier  transformation.  As  a  result,  if  we  are  interested  in 
both  spectral  and  correlative  properties,  we  need  to  numerically 
generate  both  the  power  spectrum  and  the  autocorrelation  func¬ 
tion.  In  Section  4.1  we  provide  some  examples  from  our  Phase 
One  Katahdin  Hill  measurements  of  radar  returns  from  wind-blown 
trees  showing  how  correlation  time  varies  with  RF  frequency  and 
with  windspeed.  In  Section  4.2  we  relate  spectral  width  to 
correlation  time  in  one  of  these  measurements.  In  all  of  the 
measured  results  in  Section  4,  the  dc  component  has  been  removed 
from  the  received  time-varying  RC3  record. 

4.1  Dependence  on  RP  Frequency  and  Windspeed 

Let  us  concern  ourselves  with  the  question  of  how  long  it  | 

takes  for  radar  returns  from  wind-blown  trees  to  decorrelate, 
which  is  complementary  to  the  question  of  spectral  extent  in  such 
returns.  To  provide  information  on  this  subject,  we  investigated 
the  temporal  correlation  properties  in  some  of  the  long  time 
dwell  Phase  One  Katahdin  Hill  experiments  described  in 
Section  2.  Thus  Figure  11  shows  the  normalized  autocorrelation 
function^  at  all  five  Phase  One  frequencies  for  the  returns  from 
the  forested  cell  on  Jupiter  Ridge  at  range  =  2.5  km  and 
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NORMALIZED  AUTOCORRELATION  FUNCTION 


FIG. 


’  Noi  simultaneous  measuremants  by 
frequency  band 

11  AUTOCORRELATION  FUNCTIONS  OF  RADAR  RETURNS  FROM 

WIND-BLOWN  TREES,  MEASURED  FROM  KATAHDIN  HILL  ON  A 
WINDY  DAY  AT  FIVE  RADAR  FREQUENCIES.  Measurement  day, 
17  April  1985.  Windspeed  -  15  kn  gusting  to  25  kn. 
Range  =  2.5  km,  azimuth  235®.  Range  res.  =  150  m, 
pol.  =  horizontal.  Pri  “  2,  10,  10,  6,  2  ms  and  record 
duration  =  1.02,  5.12,  5.12,  3.07,  1.02  min  at  VHP, 

UHF,  L-,  S-,  X-bands,  respectively.  In  all  cases,  no. 
of  pulses  =  30,720. 
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azimuth  =  235° ,  as  measured  on  the  windy  day  of  17  April  1985 
(see  Table  2).  The  time-of-day  (hr;min)  at  which  data  collection 
commenced  for  each  of  these  five  experiments  was  as  follows; 
X-band,  10:24;  S-band,  11:30;  L-band,  14:12,  VHF,  15:00;  UHF, 
15:27.  Each  of  these  five  experiments  consisted  of  30,720  pulses 
at  pri's  of  2  ms,  10  ms,  10  ms,  6  ms,  and  2  ms  for  VHF,  UHF,  L- , 
S- ,  and  X-bands,  respectively.  For  all  five  experiments,  the 
polarization  was  horizontal  and  the  range  resolution  was  150  m. 

At  each  of  tne  five  Phase  one  frequencies,  the  autocorrelation  of 
the  return  from  the  water  tower  reference  target  remains  essen¬ 
tially  at  unity  over  the  0.5  s  time  lag  shown  in  Figure  11.  Let 
us  define  correlation  times  t,  and  t,  as  the  times 
required  for  the  normalized  correlation  function  to  decrease  to 
1/e  (=0.368)  or  1/2  (=0.5),  respectively.  Then  Table  4  gives 
these  measures  of  time  required  for  decorrelation  of  the  radar 
returns  from  wind-blown  trees,  as  determined  from  the  data  shown 
in  Figjre  11,  If  the  scattering  centers  and  their  motion  were 


CORRELATION 

TABLE  4 

TIMES  FOR  RADAR  RETURNS  FROM 

WIND-BLOWN  TREES 

AT  KATAHUIN  HILL  ON  A  WINDY 

DAY  . 

FREQUENCY 

BAND 

(See  Fig.  11) 

CORRELATION  TIME 

(  s) 

^i/2 

^/e 

VHF 

4.01* 

5.04* 

UHF 

0.69 

0.94 

L-Band 

0.67 

0.95 

S-Barid 

0.062 

0.081 

X-Band 

0.033 

0.049 

Note:  *  = 

extrapolated  estimate 
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the  same  at  all  five  frequencies,  simple  Doppler  considerations 
would  lead  us  to  expect  that  correlation  times  would  decrease 
inversely  with  RF  frequency,  all  else  beinq  equal.  We  certainly 
observe  an  approximate  trend  indicative  of  an  effect  in  this 
direction  in  the  data  of  Figure  11  and  Table  4,  although  the 
results  do  not  scale  exactly  linearly  with  frequency..  This 
reflects  the  facts  that:  a)  the  experiments  were  conducted  at 
different  times  and  thus  under  different  specific  wind  conditions 
on  17  April;  b)  the  cell  sizes  and  hence  scattering  center 
ensembles  were  different  (e.g,,  due  to  azimuth  beamwidth  varying 
with  fx'equency  band,  see  Table  1);  and  c)  the  scattering  centers 
and  their  velocities  would  be  expected  to  vary  with  RF  wavelength 
(i.e.,  twigs  at  X-band,  oranches  at  L-band,  limbs  at  VHF) . 

The  correlative  properties  of  radar  returns  from  wind-blown 
trees  shown  in  Figure  11  and  Table  4  apply  for  the  particularly 
windy  day  of  17  April.  Correlation  times  from  wind-blown  trees 
would  be  expected  to  increase  with  decreasing  windspeed. 

Figure  12  shows  the  normalized  autocorrelation  function^  for  the 
L-band  returns  from  the  Jupiter  Ridge  forested  cell,  measured  on 
three  different  days  under  three  quite  different  wind 
conditions.  The  autocorrelation  function  is  here  shown  only  over 
the  correlation  interval  from  l.O  to  0.9  to  emphasize  the  region 
where  the  data  just  begins  to  decorrelate.  In  Figure  12,  the 
windy  day  was  17  April  (i.e.,  the  same  data  as  is  shown  in  Figure 
11) ,  the  breezy  day  was  10  April,  and  the  light  air  day  was  5 
June  (see  Table  2).  Time  of  measurement  (hrrmin)  for  these  three 
experiments  was  14:12,  11:26,  and  14:16,  respectively.  Each  of 
these  three  experiments  consisted  of  30,720  pulses  at  pri's  of 
10,  2,  and  10  ms  tor  the  windy  day,  breezy  day,  and  light  air 
day,  respectively.  Polarization  was  horizontal  on  the  windy  and 
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NORMALIZED  AUTOCORRELATION  FUNCTION 


FIG.  12  AUTOCORRELATION  FUNCTIONS  OF  L-BAND  RADAR  RETURNS  FROM 
WIND-BLOWN  TREES,  MEASURED  FROM  KATAHDIN  HILL  FOR  THREE 
DIFFERENT  WIND  CONDITIONS.  Windy  day,  17  April  1985, 
windspeed  =  15  kn  guatlng  to  25  kn,  pri  =  10  ms, 
pol.  =  horizontal,  same  data  as  in  Fig.  11.  Breezy 
day,  10  April  1985,  windspeed  =»  11  knots,  pri  =  2  ms, 
pol.  =  horizontal.  Light  air  day,  5  June  1985, 
windspeed  =  8  kn,  pri  =  10  ms,  pol.  =  vertical.  In  all 
cases,  no.  of  pulses  =  30,720.  Range  =  2.5  km, 
azimuth  =  235°,  range  res.  =  150  m. 
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breezy  days,  vertical  on  the  light  air  day.  In  all  three  cases, 
range  resolution  was  150  m,  start  range  to  the  cell  was  2486  m, 
and  azimuth  was  235®.  The  results  in  Figure  12  clearly  indicate 
how  temporal  correlation  in  L-band  radar  returns  from  wind-blown 
trees  increases  with  decreasing  windspeed.  In  these  results,  the 
correlation  times  ti/q  on  the  windy,  breezy,  and  light  air  days 
were  0.95,  2.11,  ana  5.56  s,  respectively. 

4.2  Correlation  Time  and  Spectral  Width 

The  main  focus  of  consideration  in  this  report  is  on  how  far 
out  discernible  energy  occurs  in  the  tails  of  Doppler  spectra  of 
radar  returns  from  wind-blown  trees,  and  the  rates  of  decay  of 
energy  in  these  tails.  In  Section  4  we  have  departed  from  this 
focus  to  consider  a  few  examples  of  temporal  correlative 
properties  in  radar  returns  from  wind-blown  trees.  Another  use¬ 
ful  objective  within  this  whole  subject  area  would  be  to  provide 
modeling  intormauicn  not  only  for  predicting  spectral  width,  but 
also  for  relating  spectral  width  to  correlation  time.  Although 
we  are  not  at  present  actively  involved  in  pursuing  this  objec¬ 
tive,  we  now  present  an  example  along  these  lines  to  shed  addi¬ 
tional  light  on  the  information  about  spectral  tails  that  is 
presented  in  this  report.  We  select  the  windy  day  x-band  experi¬ 
ment  of  Figure  11  because  both  its  spectrum  and  correlation  time 
are  well  resolved  and  well  defined  in  our  data,  and  because  the 
rate  of  decay  of  energy  in  its  spectral  tail  is  well-approximated 
as  exponential.  On  the  basis  of  the  spectral  results  presented 
in  section  3,  we  arbitrarily  select  the  40  dB  below  peak  level  in 
the  ac  spectrum  as  the  level  at  which  we  define  spectral  width. 
This  level  is  well  above  radar  noise  level,  yet  is  well  out  on 
the  tail  in  the  region  where  our  exponential  rate  of  decay 
applies  and  is  well  removed  from  the  zero-Doppler  region  where 
the  exponential  model  does  not  apply  and  where  we  are  apt  to  lose 
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resolution  on  calm  days.  We  define  the  Doppler  frequency  at 
which  this  level  occurs  in  the  spectrum  to  be  f_4o  Hz.  For  the 
windy  day  X-band  experiment  of  Figure  11,  f-40  “  58,8  Hz,  and 
Ti/e  =  U.U4942  s.  We  know  that,  in  some  broaa  sense,  correla¬ 
tion  time  is  inversely  proportional  to  spectral  width.  If  we 
assume  that  ti/e  -  K/f_40,  for  the  windy  day  X-band  experi¬ 
ment  K  =  2.91.  we  believe  it  would  be  useful  to  investigate  more 
fully  and  to  have  modeling  information  available  for  these  three 
quantities,  f_4o»  "'^l/e'  similar  quantities  specify¬ 

ing  and  reflecting  the  relationship  between  spectral  width  and 
correlation  time  in  radar  returns  from  wind-blown  foliage.  The 
information  in  this  report  makes  a  beginning  toward  specification 
of  spectral  width,  but  is  not  directly  useful  for  estimating 
correlation  time.  For  example,  for  the  hypothetical  spectral 
distribution  which  is  exponential  over  its  full  extent  including 
the  zero-Doppler  region,  K  =  1.92.t  This  hypothetical  value  of  K 
underestimates  the  actual  correlation  time  in  the  windy  day 
X-band  example  of  Figure  11.  That  is,  the  hypothetical  exponen¬ 
tial  spectral  distribution  underestimates  the  low-frequency  com¬ 
ponents  in  the  near-zero  Doppler  region  in  the  spectrum.  This 
example  brings  out  more  clearly  why  we  do  not  advocate  an 
exponential  model  over  the  full  extent  of  the  spectrum  but  only 
in  the  tail.  It  also  tantalizes  us  as  to  what  better  and  more 
general  relationships  in  these  matters  might  apply,  but  we  leave 
these  issues  to  future  investigations. 

tLet  the  power  spectrum  be  represented  by  P(t)  =  —  e”  ^ I  ,  where 

a>  ^ 

f  is  Doppler  frequency.  This  provides  /  P(f)d(f)=l.  The  cor- 

^2 

responding  autocorrelation  function  is:  R(  t)  = - , 

+  (  2  tit)  2 

where  x  is  time  lag,  and  R(U)  =  1.  Then,  for  this  theoretical 

relationship,  t, ,  =  1.92/f 

1/e  -40 
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5. 


SUMMARY 


Long  cemporal  records  were  measured  of  radar  backscatter 
from  wind-blown  trees.  These  measurements  were  conducted  on  an 
approximately  once-a-week  basis  over  a  period  of  about  6  months 
on  a  few  forested  resolution  cells.  Power  spectra  showing  the 
Doppler  frequency  content  of  these  measured  records  were 
generated. 

In  absolute  terms,  the  widths  of  tnese  spectra  are  very 
narrow.  The  maximum  Doppler  velocity  at  which  discernible  energy 
appears  in  the  spectra  is  often  less  than  1.0  m/s,  and  almost 
always  less  than  2.0  m/s.  By  discernible,  we  mean  to  levels  of 
about  60  dB  or  so  below  the  peak  zero-Doppler  level  and  above  our 
system  noise  level. 

Over  and  above  the  fact  that  wind-blown  tree  spectra  are 
narrow,  we  definitely  observe  a  predictable  association  of 
spectral  width  with  the  nominal  windspeed  in  the  neighborhood 
during  cur  measurements,  whereby  spectral  widths  increase  with 
increasing  windspeed.  Furthermore,  we  often  observe  that  the 
energy  in  the  tails  of  the  spectra,  at  spectral  off-sets  well 
removed  from  zero,  decays  approximately  exponentially  witn 
increasing  Doppler  velocity.  Estimates  of  rates  of  exponential 
decay  in  the  spectral  tails  as  a  function  of  windspeed  are 
provided  in  three  regimes  of  windspeed,  as:  1)  light  air,  5  to 
8  kn;  2)  breezy,  10  to  11  kn;  and  3)  windy,  15  to  25  xn. 

On  the  basis  of  numerous  observations,  we  see  little  general 
dependency  of  spectral  shape  or  extent  on  other  ground  truth 
parameters  such  as  prevailing  wind  direction  or  whe*‘her  leaves 
are  on  or  off  the  trees,  or  on  the  radar  parameters  of 
polarization  and  resolution.  Neither  do  we  observe  any  strong 
dependence  of  spectral  shape  and  extent  on  the  radar  frequency 
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between  L-band  and  X-band,  although  this  is  based  on  a  much  more 
limited  set  of  observations  to  date. 

Correlation  times  in  our  temporal  records  of  radar  returns 
from  wind-blown  trees  are  expected  to  .’ary  inversely  with 
spectral  widths,  but  except  for  a  few  examples,  this  report  does 
not  provide  general  information  for  predicting  correlation  times 
as  a  function  of  windspeed  or  establishing  the  constants  of 
proportionality. 


APPENDIX  A 


TINE  AND  SPECTRAL  HISTORIES  FOR  A  LONG  PULSE  SBOUBNCB 
OP  RADAR  RETURNS  FROM  WIND-BLONN  TREES  ON  A  WINDY  DAY 


I 
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W-H  UV  V!a  L-V  kA  A  trW'^%  AA  M-ft  iLA  1 


A.l  INTRODUCTION 


In  the  body  of  this  report,  we  present  many  power  spectra 
from  wind-blown  trees  usually  obtained  from  30,720  pulse 
sequences  at  a  pulse  repetition  interval  (pri)  of  10  ms.  These 
power  spectra  are  computed  as  the  average  of  30  sequential  1024 
point  Fast  Fourier  Transforms  (FFT's)  in  which  the  pulses  are 
taken  1024  at  a  time  until  30,720  pulses  are  used  up.  The 
individual  FFT's  are  computed  as  complex  FFT's  of  sequential 
intervals  of  the  in-phase  and  quadrature  coherent  measured  data 
record.  The  averaged  power  spectrum  is  computed  simply  as  the 
arithmetic  mean  of  the  30  contributing  amplitudes  in  each  Doppler 
resolution  cell.  The  averaged  spectra  shown  in  the  body  of  the 
report  are  not  decomposed  to  show  the  30  individual  power  spectra 
which  go  into  each  one.  Each  of  these  individual  spectra  is 
obtained  from  a  10.24  s  sequence  of  1024  pulses.  This  10.24  s 
interval  or  dwell  of  time  is  long  enouqh  to  encompass  a  number  of 
correlation  periods  and  hence  to  incorporate  a  substantial  amount 
of  temporal  variation  in  the  received  signals  (see  Table  4). 
However  wind  is  a  dynamic  random  process  with  complex  short-term 
and  long-term  variation.  The  wind  conditions  within  a  treed 
resolution  cell  are  expected  to  vary  with  local  gustiness  from 
one  1C. 24  s  interval  to  the  next.  Among  themselves,  how  variable 
are  the  30  individual  power  spectra  formed  from  30  sequential 
10.24  s  dwells  covering  a  total  period  of  5.12  min?  In  this 
appendix,  we  provide  an  answer  to  this  question  by  showing  the  30 
individual  power  spectra  for  one  particular,  windy  day,  averaged 
spectrum  shown  in  the  body  of  this  report. 

The  particular  averaged  spectrum  selected  is  that  shown  in 
Figure  7(b),  which  was  generated  from  data  measured  on  the  windy 
day  of  3  May  1985  (see  Table  2).  This  is  one  of  the  widest 
L-band  spectra  from  wind-blown  trees  that  we  have  so  far  four.ii  . 
our  measurement  data  base.  In  Sect.  A. 2,  we  first  list  the 
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measurement  parameters  of  this  experiment.  Then  in  sect.  A. 3  we 
plot  time  histories  of  amplitude  (RCS  per  unit  area,  or  o* ,  in 
dB)  and  phase  (in  dey)  over  their  complete  record  lengths  ot 
30,720  pulses.  These  time  histories  explicitly  show  the  detailed 
pulse-by-pulse  temporal  variation  for  which  we  are  determining 
the  spectral  content. 

In  Section  A. 4,  we  yo  on  and  show  the  overall  spectrum 
resulting  from  averaying  the  30  individual  component  spectra. 
Finally,  in  Section  A. 5,  we  sequentially  show  each  of  the 
individual  spectra.  The  dc  level  in  the  received  RCS  signal  has 
not  been  removed  xn  any  ot  the  results  shown  in  this  Appendix. 
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A. 2  BXPBRIHENT  PARAMETERS 


Site;  Katahdin  Hill 
Date:  3  May  1985 

Cell;  2411  m,  235“ 

Wind:  17  kn,  80“  (rain) 


Radar  Parameters 

Range  res.  =  15  m 
Polarization  =  vertical 
L-Band 


Processing  Parameters 

Number  of  samples  =  30 
Pri  =  10 
Record  duration  =  5. 
1024  point  FFT's,  dc  i 
Blackman-Harr is  window 


,720 

ms 

12  min 

n. 


I 


I 


4B 


A. 3  RCS  AMPLITUDE  AND  PHASE  TIME  HISTORIES 
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TIMEHiaTORT 


page:  1 


Continued .  . 


FIG.  A.l  L-BAND  RCS  AMPLITUDE  TIME  HISTORY  FROM  WIND-BLOWN 
FOLIAGE  ON  A  WINDY  DAY,  PULSE-BY-POLSE  OVER  30,720  PULSES. 

Continued . . . 
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SITC  -  KOTIHOIN  HILL 
Ror  -  HLTvo9.Rnrii 
C'3-nflT-85  U:06M0 


TIMB  H13T0RT  PAGE  3 

BURST  NO .  -  1  RANGE  -  24 1 1 . 30  M 

RG  GATE  NO.  -  33  AZIMUTH  •  234.90 

STARTING  PULSE-  1  NINO  VELOCITY  -  17  KNOTS 
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FIG.  A.l  L-BAND  RCS  AMPLITUDE  TIME  HISTORY  FROM  WIND-BLOWN 
FOLIAGE  ON  A  WINDY  DAY,  PULSE-BY-PULSE  OVER  30,720  PULSES. 

Cont  inued. . . 
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TIME  HISTORY 


PAGE  4 


SITE  -  KflTflMOIN  HILL  BURST  NO.  -  1  RANGE  -  2411.30  M 

ROE  -  HLTV09.ROr;l  RG  GATE  NO.  -  33  flZIfl'JTH  -  231.98 

03-11flT-8S  11=06:10  STARTING  PULSE-  1  WIND  VELX ITT  -  1'/  KNOTS 


FIG.  A.l  L-BAND  RCS  AMPLITUDE  TIME  HISTORY  FROM  WIND-BLOWN 
FOLIAGE  ON  A  WINDY  DAY,  PULSE- BY-PULSE  OVER  30,720  PULSES. 


Cont inued.  .  . 
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TIME  HISTORY 

PAGE  6 

SITC  -  KflTflHOIN  HILL 

ROF  -  HLTV09.ROr;l 

93-MHT-05  lUOSMO 

BURST  NO.  -  1 

RS  GATE  NO.  -  33 
STARTING  PULSt-  1 

RANGE  -  2-111.30  M 

AZIMUTH  -  23^.98 

WING  VELOCITT  -  17  KNOTS 

FIG.  A.l  L-BAND  RCS  AMPLITUDE  TIME  rilSTOKY  FROM  WIND-BLOWN 
FOLIAGE  ON  A  WINDY  DAY,  PULSE-BY-PULSE  OVER  30,720  PULSES. 


Cont i nued . . 
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SITE  -  KflTPHOIN  HILL  BURST  NO.  -  1  RRNGE  -  2<I1.30  H 

RDF  -  HLTvOg.ROF;!  RG  GRTE  NO.  -  33  RZIMUTM  -  231,98 

03-nflr-8S  11:06:10  STRRTING  PULSE-  1  WIND  VCLOCITT  -  17  KNOTS 
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FIG.  A.l  L-BAND  KCS  AMPi^iTUDE  TIME  HISTORY  FROM  WIND-BLOWN 
FOLIAGE  ON  A  WINDY  DAY,  PULSE-BY-PULSE  OVER  30,720  PULSES. 

Continued . . . 
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PPGE  8 


SITE  -  KfllftHOIN  hill 
ROF  -  HLTV09.RDF;1 
03-MRY-85  IhOGHO 


BURST  NO.  -  1  RANGE  -  2111.30  M 

RG  GATE  NO.  *  33  flZINUlH  -  231.98 

STARTING  PULSE-  1  WIND  VELOCITY  -  17  KNOTS 
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FIG.  A.l  L-BAND  RGB  AMPLITUDE  TIME  HISTORY  FROM  WIND-BLOWN 
FOLIAGE  ON  A  WINDY  DAY,  PULSE-BY-PULSE  OVER  30,720  PULSES. 

Continued . . . 
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SITE  -  KflTflHCilN  HILL 
RDF  -  HLTV09.R0F;1 
03'nfir-85  11;06:*0 


BURST  NO.  -  1  RANGE  •  2*111.30  M 

RG  GATE  NO.  -  33  AZIMUTH  -  231.98 

STARTING  PULSE-  1  HIND  VELOCITY  -  17  KNOTS 
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FIG.  A.l  L-BAND  RCS  AMPLITUDE  TIME  HISTORY  FROM  WIND-BLOWN 
FOLIAGE  ON  A  WINDY  DAY,  PULSE- BY-PULSE  OVER  30,720  PULSES. 


j  Concluded. 
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FIG.  A. 2  L-BAND  KCS  PHASE  TIME  HISTORY  FROM  WIND-BLOWN  FOLIAGE 
ON  A  WINDY  DAY,  PULSE- BY- PULSE  OVER  30,720  PULSES. 

Continued. . . 


60 


TIME  HISTORY 


PBGE  4 


Conti nued 


TIME  HISTORY 


PfiGE  5 


SITE  -  KRTflHOIN  HILL 
ROr  -  HLTVOg.RCP;! 
03-nflY-eS  11:0G;-10 


BURST  NO.  -  1  RANGE  -  2^11.30  M 
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FIG.  A. 2  L-BANU  KCS  PHASE  TIME  HISTORY  FROM  WIND-BLOWN  FOLIAGE 
ON  A  WINDY  DAY,  PULSE- BY- PULSE  OVER  30,720  PULSES. 

Continued . . . 
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FIG.  A. 2  L-BAND  RCS  PHASK  TIME  HISTOKY  FROM  WIND-BLOWN  FOLIAGE 
ON  A  WINDY  DAY,  PULBE-BY-PULSE  OVER  30,720  PULSEB . 
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FIG.  A. 2  L-BAND  RCS  PHASt  TIME  HISTORlf  FROM  WIND-BLOWN  FOLIAGE 
ON  A  WINDY  DAY,  PULSE- BY- PULSE  OVER  30,72U  PULSES. 

Continued.  ,  . 
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KIG.  A. 2  L-BAND  KCS  PHASE  TIME  HISTORY  FROM  WIND-BLOWN  FOLIAGE 
UN  A  WINDY  DAY,  PULSE- BY-PULSE  OVER  30,720  PULSES. 

Concluded . 
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A. 4  OVERALL  SPECTRUM 
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DOPPLER  VELOCITY  (m/*) 


FIG.  A. 3  RESULTANT  OVERALL  SPECTRUM  INVOLVING  30,720  PULSES. 
This  result  Is  the  average  of  the  30  individual  spectra  shown  in 
Sect.  A. 5. 


69 


*  -  A  mr'.  a.  ^  l  Lk  v/U  VTU  lIWlJW  lJW  (JW  LArf L^  LfV  L*. 


KATAHOIN  MILL  f  I  16:0?  90  C*L  V**.!  iJ-MAT-O? 

COC  067096  6  03'n*V‘e6  I  I  0  6  : 'i  0  Pftf  •  600  SAnPLC*IOHNt 

HLtv09  POr.i  L'Bano  i?30MMr  i6  viPt  nOnC  PaMicCO  W  6  S07?0 

PolSCS  IC?**.  SOSIZC  10?'*.  SOOfit  lO?H.  AC  JJ.  RAWOC  ?  ,  ••  I  1  .  Al  ?S«i.96?.  0U9S»  l.l'  1 
AVCPACC  POhCR  total  e  ?0  aC  7. '*7  oc  0  10  AC/OC  7.37  OC/AC  -7.37 


IJ-HAT-t* 


1 J  > JAN*  0%  I  1 -hA  Y  *05 


3  I  -  J*N  •  05  » 


h  I  {.  l  ff  ?*>  ‘f  J  lA  02  90  CAL  V'l  .  j  Ji-jAN-fi9  iJ'rt*T*99 

cDc  c6'’cee  ^  oi-Mir-e^  ti  oa  ho  pnr*  «0D  SAn^LC*ionKf 

mlTv09  .  I  L-AAkO  i23CHh«  i9  vCAt  konc  paRkCO  W  9  SD‘720 

PyeSCi  iC2'«.  <05l?C  J02'*.  SOOrsi  1fl2’».  »0  JJ.  AAWCf  2  .  *<  t  I  .  A?  2S«<.992.  BuAST  l.|/ 

*vC"^Ct  *»  j*  C»  TCTal  7  91  *{.  7  93  0C*I2  0«  aC  '  OC  20  02  OC'*C*20  02 


2S 


KATAMOIN  MILL  2*7  7  I  16. 02  90  CAL  V«t.l  )|-JAN>93  IS>KAT>96 

CCC  067096  6  CS-MAT-es  Iir06  «<0  Pmr  •  900  San9lC>I0mmi 

hlTy09  AD^:!  ^-OANC  1230MHI  i9  vCAT  NOnC  9a9iCC0  1/  9  S072C 

9ulSCS  IC2s.  90912C  102'«.  SOOrs*  i02H.  AG  99.  AanOC  ?  .  <•  I  1  .  Aj  gZ>*.992.  fiuASt  1.1/ 

AvCftACC  POuC6.  total  9  hi  AC  9  hO  0C>2l.9)  AC/OC  SO.S*t  OC/aC*}0.3h 


kaTahOIN  kill  1  1.16:02  00  Cav  vw . i  3I'JAM 

COC  06^066  %  OS-HAT-09  tl:06:*«0  9C0  SAnHLC*lOnHi 

hlTvCS  AOr.l  L'OanO  l2S0Hhi  to  vCOt  NO*iC  fAOKCO  1/  9  30720 

PvlOCS  (02'«.  S0SI2C  t02*i.  OOOrST  \09h,  no  SS.  RanOC  2  «  I  }  .  AZ  2}>».002. 
AVCRAGC  HOMCR  tq.al  o  n  AC  •  06  OC  -O.IH  aC/OC  0.'7t  OC/aC  >0.71 


ot  . : 

OUAS  T 


25 


RCS  IdBtm) 


KAtAMOIN  hlLt.  >*9  ei  1:16  0^  ftO  CAL  V  *1  .  I  3l'jAN-99  lS-n<T>8S 

CDC  067006  6  03*nAY-e6  ii  06  «*0  PAf-  960  SamPlC-IOKHi 

hlTvOS  RQ^.I  L-8*n0  leSOMH)  v(RT  NOnC  PARkCO  |/  6  307^0 

PulSCS  10?h.  S0SI2C  SCO^St  lO?**.  AC  3).  AAMOC  ?  . ««  l  1  .  *2  25-4. 902.  60A$T  1.1/ 

AVCRAGC  POMCn  total  9  09  AC  6  90  OC  •<«.60  AC/OC  13.90  OC/aC>1S  90 


25 


0 


-25 


-SO 


-76 


-i 


-3  00  -2  00  -100  0  0  1  00  2  00 

DOPPLER  VELOCITY  (m/s) 

FIG.  A. 12  INDIVIDUAL  SFDCTKUM  FUK  9TH  GKUUF  OF  1024  FULSKS . 


79 


kaTahOin  mUu  1  l  ift  Od  90  CAL  v«*.i  S1*Jan>99  lS‘nAT«99 

ccc  os'^oee  i  os-nAT-e)  ii  oe:'«o  par*  90c  9AH»LC«>0HMr 

hltvoo  ^or.i  l-bamo  ie)OMHi  t9  vcftt  nohc  PARKk;o  1  /  9  so‘>eo 

PULSCS  SOSIZl  102H.  SOOrST  loe**.  nc  M.  AamOC  aJ  BSh.BBS.  BVBSt  1.1/ 

avCRaCC  POuCR  total  o.BB  ac  S  76  OC  *1.69  AC/OC  9.HV  QC/aC 


RCS  (dB«m) 


Jl  -  JAN-19  I  1-hAY -«9 


31 • JAN-QS  I S*HAT*e5 


KATANCIN  MUC  '•i  af-.Sl  *)  i;l6:0{  flO  CAL  V't.1 

COC  061006  6  Q3-flAT-es  ll  06  >*0  •  600  $  am^C  1  •  I  OHH  i 

HL'vOS  nor ; 1  L-OANO  IdlOHHj  16  VCR1  HQNC  RAftKCO  1/  6  SOl^O 

pulscs  loas.  S06I2C  loes.  soorsT  loe'*.  nc  ss.  ranoc  t.sii.  az  esH.962.  eunsi  i.i/  i. 

AVCftAOC  POMCn  total  •  AC  0.60  AC/OC  l».0«  OC/aC-19.9? 


r 


85 


KATAHOIN  MlLV.  h2:27  t  1.16.02  tto  CAL  V^.l  3l«JAN-e9  jJ»HAT-i6 

COC  0S'70e6  %  03-nAv.e5  I  I  oe  so  Ptkf  •  900  $Ah^LC*lOnNt 

HLtvoo  ftor.i  L'BAHO  I230KK)  19  vCAt  nomC  paAmCO  w  t  90^20 

PUL^CS  lOds.  S0SI2C  I02S.  SOOr^T  i02s.  PC  13.  panOC  2.sii.  At  2)s.9P2.  BuASt  1.1/  1 

avCPaCC  POwCP  TOrit.  6  e^*  <C  8  8'  0C>l2  si  ac/OC  21.22  0C/aC-2i.22 


)l-JAN>Ckft  lJ-hAT-09 


KiTAt-OiN  Mi-,;  ••e  1  l:lf  90  CAW  V  *.  .  (  5l-J*H*9^  IS-HAr-a? 

C;)C  t6'?0f>  ^  ^00  5  A  "**1 C  •  1  D»*H  I 

«uVwrjS  »»:"  :  l-Ba>*0  ;  !i  vcRi  NONt  rARKtO  ’/  5  50'»C 

\cc«  iOMZi  1 0  .  s&ofs-  *o^^.  RO  5X.  RAHot  i  •»  M  .  Ai  ewiRS’  y.\f  \, 

aoh*: >#  AC  JO  o»i  oc  '.eb  *c/oc  ti.i**  oc.ac  it.ts 


KA  f  AHC  in  hill 
CDC  067086  5 

ML  T  V  09  ftOf  .  I 
f’Ul  SC  S  I  oe*i . 


Na:27:27  7 
03-MAy-8S 
L-BANO  taSONHi 
SOSI2C  loaN,  soorsT 


average  POWER:  total  B.OO  AC 


1 : I6:0e  BO  CAL  VN . I 

ll:06:HO  PAT-  500  SAnPLC-IOnHr 
15  VCRT  NONE  PABKCO  1/  5  30780 
I08H.  RO  33.  RANOC  8.H|1.  AZ 
7.66  DC  -3.HH  AC/OC  tf.18  OC/AC-ll 


3i»jAN-e5  i3-nAr*B5 


83H .B88.  BURST  1.1/ 
.  18 


I  . 


E 

w 

OD 

2^ 

(A 

O 

oc 


-25 


-75  h 


-3-00 


-2  00 


-1.00  0.0  1.00 

DOPPLER  VELOCITY  (m/s) 


2.00 


300 


FIG.  A. 25  INDIVIDUAL  SPECTRUM  FOR  22ND  GROUP  OF  1024  PULSES. 
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FIG.  A. 28  INDIVmuAL  SPECTRUM  FOR  25TH  GROUP  OF  1024  PULSES 
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INDIVIDUAL  SPECTRUM  FOR  26TH  GROUP  OF  1024  PULSES 
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FIG.  A. 30  INDIVIDUAL  SPECTRUM  FOR  27TH  GROUP  OF  1024  PULSES 
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FIG.  A. 33  INDIVIDUAL  SPECTRUM  FOR  30TH  GROUP  OF  1024  PULSES. 
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